Experimental results of the dp→dp␥ reaction are presented for several observables with deuteron projectile energies between 437 MeV and 559 MeV. The kinematically complete measurements were performed at the CELSIUS storage ring with the PROMICE/WASA setup. Angular and spectral distributions of the charged ejectiles are decomposed into fractions that can be attributed to a quasifree np→d␥ process with a spectator proton and to a process involving all three nucleons. Within the acceptance of the detector, about two thirds of the events are associated to the quasifree process; the remainder are characterized by substantial transverse momentum components transferred to a participating outgoing proton.
I. INTRODUCTION
Bremsstrahlung from nucleus-nucleus and from protonnucleus interactions show characteristics suggesting that the main source of the ␥ emission are primarily the nucleonnucleon scattering processes NN→NN␥ ͓1͔, where N denotes either a proton p or a neutron n. Consequently, NN →NN␥ is an essential ingredient for models of the bremsstrahlung process on nuclei, that will, however, be influenced by the presence of additional nucleons. This impact of the nuclear environment on the inelastic NN interaction may be studied by a comparison of the photon production in pd interaction to the free two nucleon processes pn→pn␥, pn →d␥, and pp→pp␥.
Possible reaction mechanisms may be grouped into the following classes ͓2͔: ͑1͒ pd→ 3 He␥, ͑2a͒ pd→pn␥p s , ͑2b͒ pd→pp␥n s , ͑2c͒ pd→pnp␥, ͑3a͒ pd→d␥ p s , ͑3b͒ pd→pd␥.
For the radiative capture mechanism ͑1͒, we refer to Ref.
͓3͔.
The mechanisms ͑2a͒ and ͑2b͒ are genuine quasifree NN→NN␥ processes where one of the nucleons of the target deuteron enters only as spectator N s . When compared to the free two-nucleon case, the folding with the momentum distribution of the participating target nucleon will extend the photon spectrum to higher energies. This approach was followed by Nakayama ͓4͔ based upon mechanism ͑2a͒ only, since mechanism ͑2b͒ is expected to play a minor role ͓5͔ due to the smaller elementary cross sections for pp→pp␥ as compared to pn→pn␥. Finally, mechanism ͑2c͒ represents all processes involving all three nucleons.
The processes ͑3a͒ and ͑3b͒ are more complex. They include:
͑3a͒ pn bremsstrahlung as in mechanism ͑2a͒ with p s and a momentum match between the interacting nucleons that leads to a deuteron bound state ͓Fig. 1͑a͔͒. This is also called a quasifree ͑QF͒ radiative capture in the np system. ͑3b͒ The coherent bremsstrahlung on the deuteron. We use this term as a synonym for all reactions involving all three nucleons. This includes processes where the deuteron is considered as a fundamental particle as well as those where the ␥ is produced in pN→pN␥ interactions ͓Fig. 1͑b͔͒ or in pn→d␥ after initial pN scattering ͓Fig. 1͑c͔͒ or more complex processes not shown here.
So far comprehensive theoretical calculations for pd →pd␥, including several of the processes listed above are not available. Nakayama ͓4͔ uses a meson-exchange potential for the elementary pn bremsstrahlung amplitude to describe pd bremsstrahlung. He obtains at most a qualitative agreement with then existing inclusive experimental pd→X␥ data ͓5,6͔. In particular, it was necessary to multiply the predicted values with an arbitrary normalization factor of 1.67 to achieve agreement with the experimental data, indicating that important contributions to the total pd bremsstrahlung cross section were not understood.
More recently Huisman et al. ͓7͔ have studied the pp →pp␥ reaction, both experimentally and with microscopic model calculations, concluding that at present no highquality NN model calculation consistent with pp→pp␥ data exists. It must be suspected that this applies more to calculations for pd→pd␥, owing to the increased complexity. To this end exclusive data on pd→pd␥ is needed, in order to select kinematic regions where only one or a few of the reaction channels are believed to be dominant. Then the interpretation of the data should be easier. Particularly, good reaction mechanisms to study are those involving a spectator nucleon.
Experimentally, there is still a lack of high-quality bremsstrahlung data in the pd system. From here on we denote the initial state with the first particle being the projectile and the second the target, i.e., pd a proton beam impinging on a deuteron target, and dp the process with inverse kinematics.
First experiments were carried out in the late 1960s. None of these experiments were able to distinguish between the different reaction channels mentioned above because they only measured the outgoing ␥. The energy range under study was also limited by the 0 -production threshold because of the difficulties to reject events with ␥'s originating from 0 decays. The experimental situation is different for the radiative capture channel pd→ 3 He␥, which can be more easily separated due to the constraints that can be applied for binary reactions. Several exclusive measurements exist for pd → 3 He␥ and the inverse radiative capture process ␥ 3 He →pd ͑see e.g., ͓9,10,3͔ and references therein͒.
Preliminary results have recently been presented for pd bremsstrahlung at T p ϭ190 MeV ͓11͔. In addition to the ␥ the charged ejectiles were also detected, but not identified. Therefore, this experiment might yield exclusive results beyond pd→ 3 He␥. The most straightforward way to improve the database for pd bremsstrahlung experimentally is to investigate it with a detector setup capable not only to detect ␥'s, but also to measure and identify all the outgoing charged particles with a good acceptance.
The reaction channels ͑2a͒ and ͑3a͒ have the inherent experimental difficulty that the spectator protons are emitted with small momenta in the initial deuteron rest frame. Their direct detection in pd reactions requires the measurement of low energy spectator protons. For this purpose the detector has to be placed around the vertex inside the target chambers since even thin target chamber windows absorb most of the spectator protons ͑see e.g., Ref. ͓12͔͒. This difficulty can be overcome by using deuteron projectiles in conjunction with hydrogen targets to boost the energy of the spectator nucleons ͓13͔.
The experiment presented here follows this line and is the first exclusive measurement of a spectator mechanism dp →d␥p s above the pion production threshold.
The paper is organized as follows. Section II gives a description of the detector, the measurements, and the event selection procedure. In Sec. III, we discuss the reaction models for dp→dp␥ used in the Monte Carlo simulation, and in Sec. IV we compare the experimental results with the simulations and present total cross sections for dp→d␥p s . The conclusions are summarized in Sec. V.
II. EXPERIMENTAL SETUP AND MEASUREMENTS

A. General
The experiment has been performed at the cooler synchrotron CELSIUS of the The Svedberg Laboratory ͓14͔ with a deuteron beam impinging on an internal hydrogen cluster jet target. The experiment mainly aimed at the investigation of the production mechanism for dp→dp 0 for which the results are given in Ref. ͓13͔. Measurements were carried out at five different projectile energies between T d ϭ437 and 559 MeV ͑The threshold for dp→dp 0 is 414.5 MeV.͒ Two production runs were separated by half a year and the lowest projectile energy was repeated for a consistency check.
The CELSIUS storage ring was filled with typically 2 ϫ10 9 deuterons by stripping injection. Electron cooling was applied at the two lowest energies T d ϭ437 MeV and 454 FIG. 1. Diagrams for some possible dp→dp␥ production mechanisms: ͑a͒ quasifree production mechanism via pn→d␥, also called spectator model; ͑b͒ and ͑c͒ so called coherent mechanisms, ͑b͒ includes quasifree production via pN→pN␥, ͑c͒ includes rescattering.
MeV to improve the signal-to-background ratio for these runs.
B. Target and PROMICEÕWASA detector
The experiment used the PROMICE/WASA setup and is shown schematically in Fig. 2 . It can be divided into the target system, the central detector ͑CD͒ for photon and charged particle detection, and the forward detector ͑FD͒ section for charged particles.
The target was operated with pressurized H 2 gas that was vertically injected into the interaction region through a nozzle cooled to 20-30 K ͓15͔. At the intersection with the CELSIUS beam the jet formed a beam of 6.5 mm diameter across and 10.5 mm along the direction of the circulating projectiles. The typical areal thickness was 1.3ϫ10 14 cm Ϫ2 , which resulted in luminosities of 1ϫ10 29 to 2 ϫ10 29 cm Ϫ2 s Ϫ1 . The central detector consisted of two 7ϫ8 arrays of CsI͑Na͒ modules on each side of the beam. They constituted electromagnetic calorimeters ͑CEC, as shown in Fig. 2͒ with thickness of about 16 radiation lengths and covered an angular range of 30°р⌰ lab р90°. With respect to the horizontal plane the azimuthal coverage varied with ⌰ lab from Ϫ25°р⌽рϩ25°͑at ⌰ lab ϭ90°) to Ϫ40°р⌽рϩ40°͑at ⌰ lab ϭ30°). Thin scintillator bars ͑CFB͒ in front of the CECs allowed to veto charged particles. In addition, there were upstream counters to veto beam halo events.
The forward detector covered scattering angles ⌰ lab from 4°to 22°with a sequence of detectors to provide particle identification and particle momentum by position and energy loss measurements. A segmented, thin ͑3-mm plastic scintillator͒ window counter ͑FWC͒, serving as trigger on charged hadrons, was followed by two sets of thin walled cylindrical drift chambers ͑FPC͒ to determine x and y coordinates for tracking, and by a combination of a scintillator hodoscope ͑FTH͒ and range hodoscope ͑FRH͒.
The FTH consisted of 5-mm-thick scintillators, one layer of 48 radial shaped elements ͑refered to as FTH3͒, preceded by two layers with 24 elements, bent as Archimedian spirals with opposite helicity. They comprised 1104 triangular pixels ͓16͔ for particle identification via ⌬E, hit multiplicity measurement, and track separation. The four layers of the FRH, each being 11 cm thick, were sufficient to stop deuterons ͑protons͒ with kinetic energies up to 400 MeV ͑300 MeV͒. The downstream veto ͑FVH͒ finally allowed previously stopped particles to be seperated from penetrating charged particles. A more detailed description of the detector is found in Ref. ͓17͔.
C. Luminosity measurement
The absolute luminosity was obtained from the simultaneously measured elastic dp scattering at small (5°р⌰ lab р15°) scattering angles, as described in detail in Ref. ͓13͔ . The forward going deuteron was identified in the FD, and the recoiling proton was detected with silicon strip detectors, placed outside the scattering chamber behind a 0.5-mm stainless steel vacuum window.
The systematic error associated with the luminosity measurement results from the uncertainty of the reference data ͓18͔ for elastic pd scattering ͑8%͒, and from the scatter of the angular distribution measured with the strips as compared to the reference value, which amounted to 5% ͑15%͒ for the second ͑first͒ run period. The integrated luminosities are listed in Table I .
D. Triggers
The total event rate in the WASA/PROMICE setup was in the order of 10 5 Hz. A two-level hardware trigger reduced the event rate to less than 1 kHz. The main physics trigger ͑referred to as TI) selected events with two charged particles stopped in the FRH by requiring two coincident hits in the window counters ͑FWC͒, the first two layers of the forward hodoscope ͑FTH͒ and no hit in the downstream veto ͑FVH͒. The veto condition suppressed breakup events dp→npp with energetic protons, without affecting the pion producing channels and dp→dp␥. At the two lowest beam energies of T d ϭ455 MeV ͑and T d ϭ437 MeV) the last ͑last two͒ layers of FRH were included as a veto. This did not reduce the acceptance for the pion production channels, for which the experiment was designed, but rejected dp→dp␥ events with proton energies of more than 250 MeV ͑200 MeV͒.
In the offline analysis the trigger TI was combined with the request of at least one neutral hit ͑i.e., no signal in the CFB͒ with more than 10 MeV deposited in one of the two CsI arrays of the CD. Further, this combination is referred to as trigger TII.
Additional triggers were set up for coincidences of neutral hits in the two parts of the CD for offline identification of the 0 decay, for light emitting diode generated light pulser events ͓19͔ to monitor the detector gains, for the luminosity measurement via elastic dp scattering, and for subevents controlling the FTH, the FRH, the CEC, and the CFB veto detectors offline. These triggers were prescaled for proper adjustment of the trigger rates. 
E. Detector calibration and particle identification
The position dependent energy calibration of the FD plastic scintillators was obtained with dedicated pp elastic scattering runs.
The CsI crystals were calibrated with photons from the 0 →2␥ decay, where 0 s of precisely known kinetic energy were produced in pp→pp 0 reactions with two protons in the FD. As a result, the reconstructed 0 invariant mass m ␥␥ showed a width of about 10 MeV ().
The particle identification made use of the trigger mode together with hit pattern and pulse height information.
The identification of protons and deuterons in the FD was based on the ⌬E-E technique. Since the discrimination of deuterons against the more copious protons was most crucial for our experiment, software cuts were carefully explored by first determining the loci of protons from supplementary measurements of, e.g., pp→pp 0 and pp→d ϩ events. Figure 3 shows a good separation obtained between protons and deuterons. Whenever necessary, cuts were set close to the deuterons to minimize misinterpretation of protons. A small fraction of events with deuterons in the exit channel may be lost this way due to the finite energy resolution and the impact of dead detector material.
Inefficiencies of the detector due to secondary interaction losses, in particular, due to breakup reactions of deuterons, have been studied in detail and were taken care of by extension of the GHEISHA code used in the GEANT ͓20͔ based Monte Carlo simulations ͓21,13͔. Uncertainties in the reaction probabilities for deuterons led to a total systematic uncertainty of 15% for the deuteron acceptance compared to about 1% for protons.
Photons were detected in the CD only, requiring a hit with at least 10 MeV energy deposited in the CEC crystals and no hit in the corresponding CFB veto. No discrimination against neutrons was applied so they are also classified as neutral hits.
F. Event identification
Similar to the analysis of the dp→dp 0 reaction ͓13͔, events with one identified deuteron and one identified proton have been selected with the TII trigger condition. As an example, Fig. 4͑a͒ shows the squared missing mass distribution of the deuteron-proton pair for the event sample at T d ϭ492 MeV. Two peaks are clearly visible, one around the squared 0 mass and one around 0 MeV 2 /c 4 originating from dp→dp␥. The missing energy of the deuteron-proton pair exceeded always 70 MeV so that elastic dp scattering can safely be excluded.
To select a clean data sample of bremsstrahlungs events, we required a match between the direction of the missing momentum of the deuteron-proton pair and the measured angle of the neutral hit, assuming that it originates from the ␥. The difference of the two was required to be less than 23°in the laboratory system. In addition, a cut on the squared missing mass ͑m.m. р0.01 GeV 2 /c 4 has been applied to reject random coincidences from the 0 production. Figure 4͑b͒ shows the selected event sample after these cuts. Figure 4͑c͒ is the complement to Fig. 4͑b͒ and contains the background. Similar plots are shown in Fig. 5 for all projectile energies under study.
Within the event selection and during the event analysis we did not make use of the ␥-energy information obtained with the CEC calorimeter. The reason is that for hits in the outer crystals a part of the ␥ energy may not be detectable due to the possibility that a part of the electromagnetic shower is lost at the sides of the crystal arrays due to leakage.
Using the energy information would have restricted our analysis to those events where the ␥ has hit the central 5ϫ6 FIG. 3. Cuts used for particle separation with data from events taken at T d ϭ559 MeV and mainly originating from the dp →dp 0 reaction.
FIG. 4. Squared missing-mass distributions of candidate dp␥ events at a beam energy of T d ϭ492
MeV; ͑a͒ events obtained under the condition of an identified deuteron and an identified proton plus one neutral hit in the central detector, ͑b͒ remaining events under the additional constraint on the ␥ angle and after a cut on the squared missing mass, and ͑c͒ is the complement to ͑b͒ and contains the background.
out of 7ϫ8 crystals and therefore, reducing our acceptance by nearly a factor of 2.
III. REACTION MODELS AND MONTE CARLO SIMULATIONS
The data analysis presented here follows the principles outlined in Ref. ͓13͔ for the analysis of the dp→dp 0 reaction. Apart from quasifree bremsstrahlung off a single nucleon, quantitative microscopic models of reaction mechanisms of bremsstrahlung in dp→dp␥ reactions are lacking. Therefore, in our analysis we adopted a more phenomenological approach, attempting to separate the calculable quasifree contribution ͑3a͒ from all other reaction mechanisms involving all three nucleons explicitly. For the later coherent production ͑3b͒ we used a pure three-body (dp␥) phase space distribution, characterized by a constant matrixelement. The matrix element used for the quasifree dp bremsstrahlung process that is added incoherently is described in the following.
A. Quasifree bremsstrahlung pd\d␥p s
Meyer and Niskanen ͓22͔ have evaluated the pd→pd 0 cross section by relating it to the elementary process pn →d 0 . For the pion production close to threshold they calculate the matrix element
Following their notation, the first factor is a phase space factor that contains total energies of the target proton (p), the beam deuteron (B), and the spectator proton ͑s͒ in that pd →p s d 0 reference frame where the final d 0 subsystem is at rest ͑denoted by a prime͒, and total energies of the participating nucleons p and n in the center-of-mass ͑c.m.͒ system of the pn→d 0 reaction ͑denoted with an asterisk͒. The two reference systems differ only slightly due to the fact that the target neutron is bound in the first, but free in the second system. ͉⌽ d ()͉ 2 is the probability density of the neutron momentum ជ in the beam deuteron rest frame calculated from the Bonn potential ͓23͔. Within the initial deuteron rest frame the spectator proton has consequently a momentum p ជ s ϭϪ ជ .
͉M pn→d 0͉ 2 has been parameterized in terms of the experimentally observed differential cross section for the reaction pn→d 0 :
where s 2 denotes the squared invariant mass of the pn →d 0 system, and p p * and q* are the proton and pion momenta, respectively. This model succeeded in describing a significant fraction of the dp→dp 0 event yield, which we have observed at those beam energies where all possible neutron momenta within the deuteron could contribute to the pion production ͓13͔. Therefore, it seemed natural to apply this model also to describe the pd→d␥p s reaction in terms of the quasifree pn→d␥ cross section by basically replacing the 0 with ␥. Applying this change to the quasifree model for pd →d 0 p s from now on q* denotes the momentum of the ␥ and s 2 the squared invariant mass in the pn→d␥ system, and we get from Eqs. ͑1͒ and ͑2͒ for pd→d␥p s :
͑3͒
Application of Eq. ͑3͒ requires the knowledge of the differential cross sections d pn→d␥ /d⍀ q * over a broad range of energies.
These cross sections are, however, not well known. Nicklas et al. ͓27͔ discuss angular distributions of the neutron induced capture process np→d␥ in context with data and theoretical predictions for the inverse process of deuteron photodisintegration. They find substantial differences concerning the absolute values of the cross sections. Their angular distributions showed, besides a flat maximum near ⌰ c.m. Ϸ70°, no structure.
Based upon a larger set of data, Jenkins et al. ͓24͔ have parameterized the total and differential cross sections for the photodisintegration process ␥d→pn for photon energies be- FIG. 5 . Squared missing-mass distribution for preselected events for all projectile energies under study. The dp␥ events ͑solid lines͒ are separated from the background ͑gray areas͒. The decreasing statistics for the ␥ events at higher energies reflects only the different integrated luminosities.
tween 20 MeV and 440 MeV. They represented it by the usual Legendre polynomial expansion to fourth order:
with ⌰* being the c.m. angle between the incoming photon and outgoing proton and A l (E ␥ ) extracted from a pruned data set.
Based on reciprocity, the inverse cross section can then be calculated from
where the squared ratio of center-of-mass momenta for the entrance (p p *) and exit (q*) channel for the same center of mass energy is deduced from kinematics as
B. Monte Carlo simulation
The analysis was accompanied by a complete GEANT based ͓20͔ Monte Carlo ͑MC͒ simulation. As mentioned above events can be generated either according to phase space or using the quasifree model, i.e., with a weighting proportional to the squared transition matrix elements ͉M ͉ 2 according to Eq. ͑3͒.
The MC events were then analyzed with the same method as the experimental data.
C. Decomposition of the quasifree contribution
The experimental observables used in the analysis were the laboratory angles ⌰ p , ⌰ d and energies T p , T d of the dp pairs, as well as their opening angles Є dp and coplanarities ⌬⌽ dp ϭ⌽ d Ϫ⌽ p . With these six observables the events are kinematically fully determined.
The ␥ angle has already been used as a constraint for the event selection and, as mentioned earlier, its energy information has not been required throughout the analysis to increase the acceptance of the CEC.
We now base our results on the agreement between the experimental distributions and the distributions of reconstructed, MC generated events.
In order to quantify to which extent the quasifree and the coherent models can reproduce the data, a simultaneous fitting procedure to the six observables has been applied at each projectile energy. This procedure yields ͑i͒ the contribution of the two reaction mechanism included in the event generation, ͑ii͒ the reaction cross sections, and ͑iii͒ the detector efficiency. The same procedure has been used before for the analysis of dp→dp 0 and is described in detail in Ref. ͓13͔. Figure 6 shows the experimental observables at T d ϭ455 MeV in comparison to a best fit with a quasifree and a coherent contribution. The distributions at the other beam energies exhibit similar qualitative features and differ only due to statistical uncertainty of the number N exp of observed events ͑see Table I͒ and the slightly different detector acceptance.
IV. RESULTS AND DISCUSSION
A. Experimental observables
As a result of the fit procedure, we got the best description of the experimental data with contributions from the quasifree process varying between 57% and 65% in the projectile energy range under study.
The most significant evidences for the quasifree process are the distributions of the assigned spectator protons. These protons can be expected to be emitted with approximately half the deuteron beam momentum folded with the momentum distribution inside the deuteron. Indeed a significant number of protons is emitted at small angles with a peak at half the deuteron beam energy. This is in clear contradiction to what is expected for a pure phase space distributed process.
Nevertheless, the quasifree model fails to explain the excess of protons emitted at larger angles and lower kinetic energies. These events can only be explained assuming that the protons have participated in the reaction mechanism by more than just carrying away their initial momenta. A similar result has been found for the dp→dp 0 channel ͓13͔. Good agreement is seen in the MC description of the other observables as well. However, the experimental energy distributions favor slightly higher deuteron and smaller proton energies. This may be an indication for the presence of an attractive final state interaction between the outgoing deuteron and protons, which has not been included in the MC event generation process for dp→dp␥. Inclusion of such a final state interaction has already been proposed in Ref. ͓22͔ to explain the pd→pd 0 data of Ref. ͓25͔. However, within the quasifree model such a final state interaction fails to explain the observation of protons under larger angles ͓13͔. Therefore, it seems more reasonable to assign this discrepancy to a poor description of the coherent mechanisms.
It is worth noting that for the dp→dp 0 process the quasifree fraction is small ͑less than 20%͒ close to the 3N threshold. However, it increased monotonically to about 60% for projectile energies of more than 150 MeV above this threshold. Therefore, it was not possible to describe this data without including coherent contributions ͓13͔.
From a study of double-pion production in the dp system with deuteron projectile energies from 1.63 GeV to 2.35 GeV, fractions of 40% to 53% for a proton spectator mechanism emerged ͓26͔. This is yet another example that far above thresholds where kinematic constraints on a quasifree process are small, a substantial contribution from mechanisms involving all three nucleons is present.
B. Phase space coverage, detector efficiency
The degree of confidence in the experimental results requires a careful examination of the detector acceptance for the two different models under study.
For the dp→dp 0 experiment ͓13͔ the use of a deuteron beam was crucial to get access to the region of phase space where spectator protons are expected. For pion production the kinematics constrain protons and deuterons to forward angles and the acceptance of the experiment was mainly limited by the beam pipe.
For the dp→dp␥ studies the situation is significantly different. Similar to elastic dp scattering, protons may be emitted up to the maximum angle of close to ⌰ lab ϭ90°, butdue to the experimental conditions-they were only detectable up to ⌰ lab ϭ22°. In addition, we restricted our analysis to those events with ␥'s emitted between 30°Ͻ
⌰ lab Ͻ90°to get clean event samples. The Dalitz plots in Fig. 7 show the impact of the acceptance for quasifree and for coherent ␥ production: The experiment was sensitive to approximately half of the phase space covered by the quasifree bremsstrahlung process where the proton is always emitted towards forward angles, but only to a small fraction of the phase space that can be populated by the coherent bremsstrahlung processes.
This can also be translated in terms of the ␥ energy E ␥ . The quasifree model populates the areas of phase space around a constant invariant mass ͱs d␥ with a spread given by the Fermi momentum distribution of the spectator proton. Within the beam energy range, under study, this is equivalent to 100 MeVϽE ␥ Ͻ200 MeV for which the detector setup had a good sensitivity, while a coherent process may produce ␥'s of lower energy.
Based upon the small acceptance and since the coherent reaction mechanisms are not known in detail it is therefore not possible to extract reliable total cross sections for these mechanisms.
For the quasifree process, however, the model assumptions are justified by the agreement between Monte Carlo and the experimental data and therefore, one can extrapolate the measured results to the two regions of phase space that were not covered by the detector. 
FIG. 7. Dalitz plots for dp→dp␥ at T d ϭ492
MeV. The invariant mass within the p␥ system is plotted versus the invariant mass within the d␥ system. The left column shows the whole set of generated events for the two models, while the right column includes the acceptance of the experiment. The first row contains the Monte Carlo data for a pure phase space distribution. The second row shows those events that have been generated assuming the quasifree production process. The plot in the third row contains experimental data.
The number of events where the spectator proton escapes undetected into the beam pipe is determined with high accuracy by its momentum distribution in the projectile deuteron. The number of events with ␥'s emitted at angles not covered by the CD depends, however, mainly on the differential cross section for the np→d␥ reaction. To estimate the uncertainties in the determination of the dp→d␥p s cross section we made the simplified assumption of an elementary np→d␥ cross section, which is constant with energy and angle. The values for the total dp→d␥ p s cross section then increased by less than 20% and therefore, we estimate that the systematical error for the acceptance is less than 20%.
C. Cross sections
Results of the present investigations are given in Table I . The errors for the total cross section include the statistical error (␦ N ), the errors for the detection efficiency of protons (␦ p ) and deuterons (␦ d ), the error in the luminosity (␦ L ), and the estimated error from acceptance caused by the uncertainties in the quasifree spectator model (␦ accept ). The errors are assumed to be independent and have been added quadratically.
It is difficult to put our results for the quasifree cross section tot,dp→d␥p s in a context with previous measurements due to the uncertainties in the reference data. From the compilation ͓24͔ and from Ref. ͓27͔ the elementary total cross sections for np→d␥ can be expected to be around 15 b for neutron energies of T n ϭ200 MeV rising slowly to about 18 b for T n ϭ300 MeV.
As a first approximation-where the neutron energies compare to half the deuteron beam energies T d -our quasifree model results are in a rough agreement of the extracted cross section with the free two nucleon measurements.
For the pd→X␥ case there exist some inclusive total cross sections at energies between T p ϭ195 MeV and 200 MeV just below the pion production threshold ͓2,5,6͔, corresponding to about T d ϭ400 MeV in our case. Consistent values around tot ϭ34 b are reported.
Therefore, we conclude from our exclusive data that dp →d␥p s is one of the most important mechanisms with a contribution of about 30% to the overall bremsstrahlung spectrum in this energy range.
The measurements for pd→ 3 He␥ yielded cross sections that were significantly lower with 1.5 b at T p ϭ156 MeV ͓9͔ and falling below a 1 b ͓10͔ within the energy range covered by our experiment.
V. SUMMARY AND OUTLOOK
For the first time the reaction dp→d␥p has been studied exclusively in a kinematically complete experiment at five deuteron projectile energies above the pion production threshold. Spectroscopy of the forward going deuterons and protons was performed with the PROMICE/WASA setup. An additional detection of the ␥ allowed to discriminate background events. Simultaneous measurement of the elastic dp scattering provided the luminosity reference for absolute cross sections.
The detector acceptance covered the quasifree dp →d␥p s process but was only sensitive to a small fraction of phase space where coherent bremsstrahlung involving all three nucleons can be expected.
Within the covered range of the experiment angular and energy distributions of the outgoing nucleons showed characteristics that can be predicted assuming an elementary np →d␥ process with a spectator proton. However, the spectroscopy of the outgoing protons indicated also the presence of other processes involving all three nucleons similar to previous measurements of the meson production reaction dp→dp 0 ͓13͔. Exclusive cross sections are given for the dp→d␥p s process, showing that this reaction mechanism plays an important role in pd bremsstrahlung.
With dp→ 3 He␥ reaction contributing only a small fraction of the total pd bremsstrahlung it would be interesting to also measure exclusive data for all the other competing reaction mechanisms with a large acceptance in phase space. The use of deuteron projectiles has in this respect proven to be well suited to examine processes with spectator protons and to disentangle the exit channels with more than two particles. 
